Abstract. Diabetic 'lipotoxicity' theory suggests that fat-induced skeletal muscle insulin resistance (FISMIR) in obesity induced by a high-fat diet (HFD), which leads to ectopic lipid accumulation in insulin-sensitive tissues, may play a pivotal role in the pathogenesis of type 2 diabetes. However, the changes in gene expression and the molecular mechanisms associated with the pathogenesis of FISMIR have not yet been fully elucidated. In the present study the changes in skeletal muscle gene expression were examined in FISMIR in obese insulin-resistant and diabetic hamster models induced by HFD with or without low-dose streptozotocin-treatment. Microarray technology and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) were used to explore the potential underlying molecular mechanisms. The pathophysiological and metabolic features of obesity and type 2 diabetes in humans are closely resembled by these hamster models. The results of microarray analysis showed that the differentially expressed genes associated with metabolism were mostly related to the abnormal regulation and changes in the gene expression of liver X receptor (LXR), peroxisome proliferator-activated receptor (PPAR) and sterol regulatory element-binding protein (SREBP) transcriptional programs in the skeletal muscle from insulin-resistant and diabetic hamsters. The microarray findings confirmed by RT-qPCR indicated that the increased expression of SREBPs and LXRβ and the decreased expression of LXRα and PPARs were involved in the molecular mechanisms of FISMIR pathogenesis in insulin-resistant and diabetic hamsters. A significant difference in the abnormal expression of skeletal muscle LXRs, PPARs and SREBPs was found between insulin-resistant and diabetic hamsters. It may be concluded that the combined abnormal expression of LXR, PPAR and SREBP transcriptional programs may contribute to the development of FISMIR mediated by skeletal muscle lipid accumulation resulting from abnormal skeletal muscle glucose and lipid metabolism in these HFD-and streptozotocin injection-induced insulin-resistant and diabetic hamsters.
Introduction
Obesity-related resistance to the stimulatory effects of insulin on glucose utilization (insulin resistance) is central to the pathogenesis of type 2 diabetes mellitus and is an important contributor to the development of diabetes. Insulin resistance precedes the clinical development of type 2 diabetes (1). However, the mechanisms underlying the pathogenesis of insulin resistance of type 2 diabetes remain poorly understood at present. Obesity is widely recognized as a cause of type 2 diabetes and predisposes an individual to insulin resistance and type 2 diabetes. Obesity, which develops due to an imbalance between nutritional intake and energy expenditure, is characterized by an overabundance of nutrients leading to hypertrophy of storage cells in white adipose tissue and the deposition of excess lipids in key metabolic areas, for example skeletal muscle and liver, and in the circulation (2) . Thus, the potential mechanism linking obesity with type 2 diabetes is ectopic lipid accumulation caused by abnormal lipid metabolism leading to 'lipotoxicity' in insulin-sensitive tissues, and ultimately resulting in fat-induced insulin resistance (3) . Skeletal muscle is a peripheral insulin-sensitive tissue that accounts for ~40% of total body weight and is a primary site of energy balance that accounts for >30% of energy expenditure. Moreover, it is the primary tissue in which glucose uptake, disposal, storage and utilization occurs, and has a key role in Skeletal muscle insulin resistance in hamsters with diabetes developed from obesity is involved in abnormal skeletal muscle LXR, PPAR and SREBP expression insulin sensitivity, the blood lipid profile and lipid homeostasis, including fatty acid oxidation and cholesterol efflux. Therefore, skeletal muscle is important in both insulin-mediated glucose metabolism and in lipid metabolism (4) . Skeletal muscle insulin resistance, associated with caloric excess, obesity and physical inactivity, mainly results from dyslipidemia and impaired fatty acid metabolism, specifically the intramuscular accumulation of fatty acid metabolites, which disrupt insulin signaling pathways via defective glucose uptake/phosphorylation to affect insulin action (5) . Thus, obesity-related skeletal muscle insulin resistance is a hallmark of type 2 diabetes and a primary risk factor for promoting the development of type 2 diabetes. Furthermore, the molecular mechanisms involved in skeletal muscle insulin resistance, particularly fat-induced skeletal muscle insulin resistance (FISMIR) underlie the pathogenesis of obesity-related type 2 diabetes. In the present study, hamsters with a genetic susceptibility for diabetes and exhibiting many features in common with lipid metabolism in humans were selected for the development of obese type 2 diabetes and obesity animal models as described by Li et al (6) . In these models, feeding with a high-fat diet (HFD) feeding induces obesity (particularly visceral obesity), insulin resistance, hyperinsulinemia, 'deleterious' serum lipid level, and further augmentation of hyperglycemia following streptozotocin injection. Low-dose streptozotocin injection leads to hyperglycemia and a relative reduction of serum insulin levels. The pathophysiological and metabolic features of obesity-related insulin resistance and type 2 diabetes in these hamster models closely resemble those in human patients. An ideal and well-characterized animal model was thus used to study the mechanisms associated with the pathogenesis and therapy of type 2 diabetes. Microarray technology is an effective technique to explore the changes in complex gene expression profiles in diseases with a complex nature. Therefore, in the present study, changes in gene expression in skeletal muscle and the molecular mechanisms involved in the development of FISMIR in insulin-resistant and type 2 diabetic hamsters were explored using microarray technology. Characterizing the gene expression alterations and molecular mechanisms involved in FISMIR in obese insulin-resistant and type 2 diabetic states may offer new strategies and pharmacological targets for the prevention and treatment of peripheral insulin resistance associated with obesity-related type 2 diabetes.
Materials and methods
Animal model. A total of 35 five-month-old Golden Syrian hamsters, including 18 females and 17 males, weighing 125.1±10.5 g, were purchased from the Sichuan Academy of Medical Sciences (Chengdu, China). All hamsters were maintained individually for 2 weeks under specific pathogen-free conditions at 18-25˚C and 40-70% humidity, and under a 12-h light/dark cycle with ad libitum access to standard laboratory chow and water. The hamster models of insulin resistance and diabetes were induced and grouped according to a previous study (6) . Briefly, 25 hamsters, including 13 females and 12 males, were fed a high-fat diet consisting of 20% lard, 10% egg yolk powder, 1% cholesterol and 0.1% cholic acid [Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (CAMS) and Peking Union Medical College (PUMC), Beijing, China] for 4 weeks to induce insulin resistance. The remaining hamsters were fed standard laboratory chow for 4 weeks. Subsequently, the insulin-resistant hamsters were randomly divided into two groups, as follows: Group 1 (n=15; 8 females and 7 males), in which the hamsters were twice injected intraperitoneally with 40 mg/kg streptozotocin (Sigma-Aldrich, St. Louis, MO, USA) dissolved in vehicle (0.05 mol/l citric acid, pH 4.5) to induce type 2 diabetes; and group 2 (n=10; 5 females and 5 males), in which the hamsters were injected intraperitoneally with 4 ml/kg citric acid. Following treatment, the hamsters were maintained on the same diet for 2 weeks. The successful establishment of diabetic and insulin-resistant animals was assessed by the measurement of fasting blood glucose levels (diabetic animals ≥ 9 mmol/l; OneTouch ® UltraTM Blood Glucose Monitoring System; LifeScan International Inc., Milpitas, CA, USA) and oral glucose tolerance tests.
Following the induction of the two models, the hamsters were randomly selected and divided into three groups, including the control, insulin-resistant and type 2 diabetes groups (n=10/group). After 6 weeks, the hamsters in the three groups were sacrificed after a 12 h fasting period by cervical dislocation following ether (Beijing Chemical works, Beijing, China) inhalation. Blood samples were obtained by retro-orbital sinus puncture under anesthesia with ether. The serum was separated by centrifugation at 3,000 x g for 20 min at 4˚C and stored at -80˚C until used for determining metabolic and biochemical parameters. Skeletal muscle (soleus) was rapidly removed, weighed, frozen in liquid nitrogen and stored at -80˚C until analysis. All procedures involving animal handling and tissue harvesting were reviewed and approved by the Institute of Laboratory Animal Science, CAMS and PUMC Laboratory Animal Care and Use Committee and Institutional Animal Welfare Committee (Beijing, China).
Oral glucose tolerance tests (OGTTs).
The hamsters were subjected to OGTTs following an overnight fast. Oral glucose load was administered at 2 g/kg. Blood samples were obtained under anesthesia with ether from the retro-orbital sinus at 0, 30, 60, 120 and 180 min after glucose challenge and blood glucose and insulin levels were measured.
Blood chemistry testing. Serum concentrations of free fatty acids (FFAs), total cholesterol (TC), low density lipoprotein (LDL)-c, high density lipoprotein (HDL)-c and triglycerides (TGs) were analyzed using commercial kits (Randox Laboratories Ltd., Crumlin, UK) in accordance with the manufacturer's protocol, and a Hitachi 8060 automatic biochemical analyzer (Hitachi Co., Ltd, Tokyo, Japan). TC and TG levels were determined by CHOD-PAP and GPO-PAP colorimetric end-point assays, respectively, using Randox Total Cholesterol (cat. no., CH200) and Triglycerides (cat. no., TR1697) kits. FFAs were measured by the non-esterified fatty acids (NEFA) colorimetric method using a Randox NEFA kit (cat. no., FA115). HDL-c and LDL-c were quantified by a direct clearance method using Randox Direct HDL-c (cat. no., CH2652) and Direct LDL-c kits (cat. no., CH2656). Blood glucose was measured with a OneTouch ® Ultra ™ Blood Glucose Monitoring System. Serum insulin and adiponectin levels were determined using a rat/mouse insulin kit (Linco; EMD Millipore, Billerica, MA, USA) and adiponectin enzyme-linked immunosorbent assay kit (cat. no. MRP300; R&D Systems, Inc., Minneapolis, MN, USA) in accordance with the manufacturer's protocol.
Analysis of skeletal muscle lipid content.
Skeletal muscle lipid accumulation was demonstrated by the analysis of skeletal muscle lipid content. Lipid content was measured essentially as described by Brown et al (7) . Briefly, 100 mg frozen skeletal muscle tissues from the different groups were minced and homogenized in 2 ml sucrose buffer (0.3 mol/l sucrose, 25 nmol/l 2-mercaptoethanol, and 10 mmol/l EDTA, pH 7.0) and then mixed with chloroform/methanol, 2:1, vol/vol. The total lipid material was then extracted as follows: The organic phase was separated, dried, and the lipids resuspended in 100 µl ethanol. TG and TC were measured, using the kits detailed above, according to the manufacturer's protocol.
Microarray analysis. Frozen skeletal muscle tissues from hamsters in each group were collected and total RNA was extracted using an RNeasy Mini kit (Qiagen GmbH, Hilden, Germany). After purification, the quantity and quality of total RNA were determined by spectrophotometry (SmartSpec™ Plus; Bio-Rad Laboratories, Inc., Hercules, CA, USA, Beijing, China). The quality of the RNA was determined by formaldehyde-agarose gel electrophoresis. Then, 5 µg total RNA was reversely transcribed into cDNA using a cDNA Synthesis kit (Promega Corporation, Madison, WI, USA). After purification using NucleoSpin ® RNA clean-up (Macherey-Nagel GmbH & Co. KG, Düren, Germany), cRNA was synthesized from the cDNA using T7 RiboMAX Express Large Scale RNA Production System (Promega Corporation). A 2 µg quantity of cRNA reverse-transcribed product was labeled with either 40 µmol/l dCTP-Cy5 or 40 µmol/l dCTP-Cy3 (Amersham Pharmacia Biotech, Inc., Piscataway, NJ, USA) and Klenow fragment (polymerase; Takara Biotechnology Co., Ltd., Dalian, China), 9 Random Primer, 60 µmol/l dCTP, and 120 µmol/l dATP, dGTP, dTTP in a 200-µl final volume. The labeled cDNA was purified using a NucleoSpin Extract Ⅱ kit (Macherey-Nagel GmbH & Co. KG) and dried.
A 36k Mouse Genome Oligo Array (Operon Mouse Genome, version 4.0; http://www.operon.com) representing approximately 25,000 genes was printed in arrays on 75x25 mm slides with the use of SmartArray™ (CapitalBio Corporation, Beijing, China). The manufacturer of the oligo array states that the high conservation of genome sequences and high likelihood of crossreactivity of genomic hybridization between mice and the hamsters make the use of a mouse microarray to hybridize with the hamster cDNA possible. The labeled cDNA (0.9 µg) was added to 30 µg hybridization solution containing 3X sodium chloride sodium citrate (SSC), 5X Denhart's solution, 25% formamide and 0.2% sodium dodecyl sulfate (SDS). The labeled cDNA in the hybridization solution was added to the microarray slide, and then hybridized to the microarray at 42˚C for 12 h. Following hybridization, the slides were washed at 42˚C for 5 min in solution containing 2X SSC and 0.2% SDS, and then transferred to 0.2X SSC at room temperature for 5 min. Slides were then dried by centrifugation. The skeletal muscle (soleus) tissues from three hamsters of each group were randomly selected for microarray analysis. All experiments were performed in duplicate. Fluorescence intensities of microarray spots were measured using a laser double-channel LuxScan 10KA scanner (CapitalBio Corporation). Image analysis was performed using GenePix Pro 4.0 software (Axon Instruments, Inc.; Molecular Devices LLC, Sunny Vale, CA, USA). Then, Lowess normalization was applied to the primary data. After normalization, ratio values were calculated, and the differentially expressed genes (those with >1.5-or <1.5-fold differences in expression between groups) were identified. Gene Ontology analyses were then performed using the Database for Annotation, Visualization and Integrated Discovery (v6.7) and EASE 2.0 (National Institute of Allergy and Infectious Diseases, Bethesda, MD, USA) in order to classify the differentially expressed genes according to function.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
For verification of the microarray analysis results, RT-qPCR analysis of selected genes was performed. Total RNA was extracted from frozen skeletal muscle tissues of hamsters from the different groups using an RNeasy Mini kit. The quantity and quality of total RNA were determined by spectrophotometry, and the integrity was assessed by 1% agarose gel electrophoresis. cDNA was synthesized from 1 µg total RNA using an iScript cDNA Synthesis kit (Bio-Rad Laboratories, Inc.) in accordance with the manufacturer's protocol. Specific primers pairs for each gene were designed using Primer Express software v2.0 (Applied Biosystems; Thermo Fisher Scientific, Waltham, MA, USA) or obtained from previously published papers. Then, the reverse-transcribed products of 50 ng total RNA were amplified with iQ Syber Green Supermix (Bio-Rad Laboratories, Inc.) according to the manufacturer's protocol using an iCycler iQ Real Time PCR Detection System (Bio-Rad Laboratories, Inc.). The amplification conditions were as follows: 95˚C for 3 min, followed by 45 cycles of 95˚C for 10 sec and 57˚C for 45 sec. When the amplification process was completed, the reaction mixture was further subjected to 80 cycles of 0.5˚C increments (10 sec each) beginning at 57˚C for melting curve analysis to check the identity and purity of the amplified products. Each reaction was performed in triplicate. To ensure specific amplification, negative controls were included in the PCR reaction. qPCR efficiency measured prior to amplification was close to 1. Thus the relative quantification for a target gene in a given sample was calculated according to the 2 -∆∆Cq method (8) . β-actin was used as the reference gene. The nucleotide sequences of the forward and reverse primers are presented in Table I .
Statistical analysis. Data are expressed as mean ± standard deviation. Differences were assessed using two-tailed student's t-test and one-way analysis of variance. Statistical significance was considered as P<0.05. Analyses were performed using SPSS for Windows software, version 13.0 (SPSS, Inc., Chicago, IL, USA).
Results

Metabolic characterization of insulin-resistant and diabetic
hamsters. The insulin-resistant and type 2 diabetic hamsters Table I . Primers used for reverse transcription-quantitative polymerase chain reaction.
Gene
Genbank accession no. Forward/reverse primers
were phenotypically and metabolically characterized as described by Li et al (6) . At the end of the experiment, the skeletal muscle (soleus) weight was higher in the insulin-resistant and diabetic groups than in the control group. The serum adiponectin levels were significantly decreased in the insulin-resistant and diabetic groups compared with those in the control group (Table II) .
Skeletal muscle lipid accumulation in insulin-resistant and diabetic hamsters. Skeletal muscle lipid content, specifically TG and TC content, was directly measured in the animal models. The results indicated that skeletal muscle TG and TC contents were significantly increased in the insulin-resistant and diabetic groups compared with those in the control group. Furthermore, a similar degree of lipid accumulation in the skeletal muscle was observed in insulin-resistant and diabetic hamsters (Table II) .
Changes of skeletal muscle gene expression in insulin-resistant and diabetic hamsters.
The results of the microarray analysis indicated that ~4.1% (1,025) and 6.34% (1,585) of the assessed genes shown significant changes (1.5-fold upregulated or downregulated) in their mRNA levels in insulin-resistant and diabetic hamsters, respectively. The number of differentially expressed genes was higher in the diabetic group than in the insulin-resistant group.
In the insulin-resistant group, ~2.3% (575) genes were upregulated, and 1.8% (450) genes were downregulated among 1,025 differentially expressed genes. In the diabetic group, ~3.5% (875) genes exhibited increased expression, and 2.84% (710) exhibited decreased expression among 1,585 differentially expressed genes. The results of Gene Ontology analysis indicated that in the insulin resistant and diabetic groups, 208 and 242 differentially expressed metabolism-related genes associated with diabetes were involved in skeletal muscle lipid metabolism, glucose metabolism, hormonally regulated signaling pathways and certain transcription/nuclear factors. Among the 208 and 242 genes, there were a total of 143 differentially expressed genes, including 67 upregulated (>1.5-fold) and 76 downregulated (<1.5-fold) genes, that were identified in both groups, a partial list of which is presented in Table III . However, the remaining differentially expressed genes were upregulated in only the insulin-resistant group (27 genes) or diabetic group (47 genes) and downregulated in only the insulin-resistant group (38 genes) or diabetic group (52 genes; Fig. 1 ).
Abnormal gene expression of skeletal muscle key regulators and target genes in insulin-resistant and diabetic hamsters.
The data presented in Table III show that the expression levels of sterol regulatory element-binding protein (SREBP) genes, specifically SREBP-1 (also known as Srebf1) and SREBP-2 (also known as Srebf2), were upregulated in the insulin-resistant and diabetic groups compared with the control group. Target genes of SREBP-1c implicated in fatty acid synthesis, such as fatty acid synthase (Fasn), acetyl-coenzyme A carboxylase (Acc) and stearoyl-CoA desaturase-1 (Scd1), and transport, namely fatty acid transporter (FAT), also known as Cd36, exhibited increased expression, and target genes of SREBP-2 involved in cholesterol metabolism, including 3-hydroxy-3-methylglutaryl coenzyme A synthase (Hmgcs), HMG CoA reductase (Hmgcr) and low density lipoprotein receptor (Ldlr) were also upregulated in the insulin-resistant and diabetic groups.
The expression levels of liver X receptor β (LXRβ), also known as Nr1h2, were increased in the insulin-resistant and diabetic groups compared with the control group. In addition, the expression of suppressor of cytokine signaling 3 (Socs3) and protein tyrosine phosphatase, non-receptor type 1 (Ptpn1), also known as protein-tyrosine phosphatase 1B (PTP-1B), which are regulated by LXRα, also known as Nr1h3, were also increased in the insulin-resistant and diabetic groups compared with the control group. Furthermore, the increase in the expression of the aforementioned genes was higher in the diabetic group than in the insulin-resistant group. A significant downregulation was observed in LXRα (Nr1h3) and peroxisome proliferator-activated receptor (PPAR) mRNA levels, specifically PPARα, PPARβ/δ and PPARγ (also known as Ppara, Ppard and Pparg, respectively) levels, in the insulin-resistant and diabetic groups. The expression levels of PPARα target genes, such as acyl-CoA oxidase (Acox), carnitine-palmitoyl transferase 1 (Cpt1), medium-chain acyl-CoA dehydrogenase (Acadm) and adiponectin receptor 1 (Adipor1) were also downregulated. Furthermore, the gene expression levels of pyruvate dehydrogenase kinase 4 (Pdk4), Cpt1, glucose transporter-4 (GLUT4, also known as Slc2a4) and uncoupling protein-3 (Ucp3) regulated by PPARβ/δ also decreased. In addition, in comparison with the control group, the expression levels of genes regulated by PPARγ, including peroxisome proliferator-activated receptor γ coactivator-1α (Ppargcla, also known as PGC-1α), lipoprotein lipase (Lpl), Slc2a4 and adiponectin (Adipoq) were decreased in the insulin-resistant and diabetic groups. The expression of genes regulated by LXRα, such as PPARγ, Ucp3 and hexokinase II (Hk2) was also decreased in the insulin-resistant and diabetic groups. In addition, glycogen synthase (Gys) mRNA levels were decreased in the insulin-resistant and diabetic groups compared with the control groups .Furthermore, the reductions in the expression of the aforementioned genes were greater in the diabetic group than in the insulin-resistant group..
Confirmation of the expression of skeletal muscle SREBPs, LXRs and PPARs and certain target genes by RT-qPCR in insulin-resistant and diabetic hamsters.
In order to confirm the changes in gene expression for SREBPs, LXRs and PPARs and certain of their target genes in insulin-resistant and diabetic hamsters, 29 key genes including SREBPs, LXRs and PPARs were chosen for further investigation by RT-qPCR analysis. A significant increase in the SREBP (SREBP-1a, SREBP-1c and SREBP-2) and LXRβ mRNA levels and a significant reduction in the LXRα and PPAR (PPARα, PPARβ/δ and PPARγ) mRNA levels were observed in the insulin-resistant and diabetic groups (Fig. 2A) . The expression levels of Fasn, Acc, Scd1, Cd36/FAT, Ldlr, Hmgcs, Hmgcr, Socs3 and Ptpn1 were also significantly increased, while the expression levels of Gys, Hk2, Acox, Cpt1, Acadm, Adipor1, Pdk4, Ucp3, Slc2a4, Ppargcla, Lpl and Adipoq were significantly decreased in both the insulin-resistant and diabetic groups compared with the control group (Fig. 2B-D) . In addition, significant differences in the levels of expression of SREBPs, LXRs and PPARs and their target genes were identified between the insulin-resistant and diabetic groups. Not all of the results obtained by micoarray hybridization were confirmed by RT-qPCR. Thus, in the present study only the verified data were considered suitable for interpretation. A unique combination of abnormal gene expression patterns of SREBPs, LXRs and PPARs was observed in FISMIR in insulin-resistant and diabetic states.
Discussion
In subjects at high-risk of type 2 diabetes mellitus, one of the earliest detectable abnormalities is skeletal muscle insulin resistance, which is a critical defect in type 2 diabetes (9) . Although the precise cause of skeletal muscle insulin resistance associated with type 2 diabetes remains unknown, there is known to be a strong association between insulin resistance and lipid accumulation in skeletal muscle, in particular, lipotoxic fatty acid metabolite accumulation, which results in the insulin-stimulated glucose uptake being reduced (10) . Evidence suggests that high-fat feeding (dyslipidemia) induces skeletal muscle insulin resistance by altering lipid metabolism in skeletal muscle, associated with an imbalance between fatty acid uptake and oxidation, and resulting in intramuscular lipid accumulation (lipotoxicity) (11) . The potential mechanisms underlying the biogenesis of intramyocellular ectopic lipid accumulation are a focus of research interest. Studies have suggested that the local accumulation of lipid metabolites, including ceramides, diacylglycerol or acyl-CoA, inside skeletal muscle, may activate a serine kinase cascade involving PKCθ and reduce insulin-stimulated insulin receptor substrate 1-(IRS-1)-and IRS-2-associated phosphoinositide 3-kinase activity leading to defects in insulin signaling and glucose transport (12, 13) . Although the molecular mechanisms of FISMIR have been studied, the changes in gene expression in the skeletal muscle gene and the molecular mechanisms involved in FISMIR, that is, how intramuscular lipid accumulation leads to insulin resistance, are not completely known. In the present study, microarray analysis showed that a variety of genes involved in the regulation of lipid and glucose metabolism were dysregulated in skeletal muscle tissues from obese insulin-resistant and type 2 diabetic hamsters. These results indicate that insulin-resistant state is associated with defects in the control of transcriptional programs of lipid and glucose metabolism, causing intramuscular lipid accumulation in skeletal muscle tissue before and after the onset of diabetes. These results also suggest that the combined abnormal expression of SREBPs, LXRs and PPARs and their target genes may be involved in molecular mechanisms of FISMIR in obese insulin-resistant and type 2 diabetic hamsters by increasing skeletal muscle lipid metabolite content (lipotoxicity) associated with abnormal skeletal muscle glucose and lipid metabolism (Fig. 3) .
The results indicate that the expression of skeletal muscle LXRα, Hk2, Ucp3, GLUT4 and PPARγ significantly Figure 1 . Numbers of up-or down-regulated genes in the insulin-resistant and diabetic groups compared with the control group. The overlapping region denotes the number of common genes up-or down-regulated in the insulin-resistant and diabetic groups. The nonoverlapping region denotes the number of unique genes up-or down-regulated in insulin-resistant and diabetic groups. T2DM, type 2 diabetes; IR, insulin resistant.
decreased but the expression of skeletal muscle LXRβ, Socs3 and PTP-1B significantly increased in insulin-resistant and diabetic hamsters. Such changes in skeletal muscle gene expression imply that reduced LXRα expression was not sufficient to suppress skeletal muscle Socs3 and PTP-1B gene expression, which contributed to the development of skeletal muscle insulin resistance (14, 15) , and also was not effective in inducing skeletal muscle Hk2 expression to promote skeletal muscle glucose utilization. Defects in Hk2 function could directly contribute to the development of skeletal muscle insulin resistance and type 2 diabetes (16) . In addition, the results demonstrated that the reduced expression of LXRα attenuated its ability to effectively induce the expression of GLUT4, Ucp3 and PPARγ to prevent or attenuate skeletal muscle insulin resistance by increasing insulin-mediated skeletal muscle glucose import, thermogenesis, and the beneficial effect of PPARγ expression and activation on insulin resistance (17) , which is discussed in the following text. Thus, it is implied that the reduced expression of LXRα might contribute to skeletal muscle lipid accumulation associated with abnormal skeletal muscle glucose and lipid metabolism, and the development of FISMIR. In addition, skeletal muscle LXRβ, the mRNA levels of which increased, appears to be involved in inducing the gene expression of SREBPs to increase the lipogenetic and cholestrogenic activities of skeletal muscle (18, 19 ) that contribute to skeletal muscle lipid accumulation and the development of FISMIR in these models. The results demonstrate that these two nuclear receptors, LXRα and LXRβ, have an interdependent regulatory relationship, in addition to each being involved in the control of metabolic fuel usage. Thus, it appears that the reduced expression of LXRα, increased expression of LXRβ and changes in the expression of their target genes contributed to the abnormal skeletal muscle glucose and lipid metabolism, skeletal muscle lipid accumulation and development of FISMIR and obesity-related diabetes observed in these insulin-resistant and type 2 diabetic hamsters.
In the present study, the expression of skeletal muscle SREBPs (SREBP-1a, SREBP-1c and SREBP-2), Fasn, Acc, Scd1, Cd36/FAT, Ldlr, Hmgcs and Hmgcr significantly increased in insulin-resistant and diabetic hamsters. The overexpression of skeletal muscle SREBPs was perhaps induced by increased expression of LXRβ directly and by hyperinsulinemia resulting from a HFD and hyperglycemia through a Janus kinase/signal transducer and activator of transcription dependent pathway indirectly (20) . However, the reduced LXRα expression does not appear to be associated with induction of SREBP overexpression in skeletal muscle. Thus, with respect to induction of SREBP overexpression, the LXR isomers, LXRα and LXRβ, exhibited different actions. Among SREBP isomers, activated overexpression of SREBP-1c drives the transcription of genes involved in de novo lipogenesis, such as Acc, Scd1, Fasn, and fatty acid transport (Cd36/FAT), and regulates the TG storage content in the skeletal muscle (21) . Thus, overexpression of SREBP-1c might contribute to the development of skeletal muscle lipid accumulation that leads to skeletal muscle insulin resistance by increasing lipid synthesis and the influx of fatty acids into muscle cells. Furthermore, the increased skeletal muscle lipid accumulation could lead to Hk2 inhibition, thereby contributing to skeletal muscle insulin resistance (22) . Activated overexpression of SREBP-2 contributes to enhanced The overexpression of SREBP-1a exhibits the ability to induce skeletal muscle lipogenesis and cholesterogenesis (24) . Thus, it is implied that the overexpression of SREBPs and their target genes might lead to the abnormal skeletal muscle glucose and lipid metabolism and skeletal muscle lipid accumulation that contributes to FISMIR in insulin-resistant and type 2 diabetic hamsters. In addition, the results of the present study indicate that the increased expression of SREBP-1c is not involved in the inductive effect of hyperinsulinemia on Hk2 gene transcription in the skeletal muscle of insulin-resistant and diabetic hamsters' , unlike the inductive mechanisms of hyperinsulinemia on Hk2 gene transcription mediated by SREBP-1c observed in the normal state (25, 26) . The expression of skeletal muscle PPARs (PPARα, PPARβ/δ and PPARγ), Acox, Cpt1, Acadm, Adipor1, Pdk4, Ucp3, GLUT4, PGC-1α, Lpl and Adipoq was significantly decreased in the insulin-resistant and diabetic hamsters of the present study. Firstly, such alterations in the expression of skeletal muscle PPARα and its target genes suggest that the reduced expression of skeletal muscle PPARα did not effectively drive the transcription of genes, such as Acox, Cpt1 and Acadm, involved in the peroxisomal and mitochondrial oxidation of fatty acids. Additionally, the reduced expression of skeletal muscle PPARα did not effectively induce the expression of its target gene Adipor1 and so did not activate AMP-activated protein kinase (AMPK) to stimulate fatty acid combustion in skeletal muscle, thereby contributing to skeletal muscle lipid accumulation (27, 28) . Decreased adiponectin action mediated by reduced Adipor1 expression could cause obesity-linked insulin resistance by adverse interactions with other factors (28,29).
Our previous study has indicated that the reduced expression of PPARα and fatty acid oxidation-related genes, such as Acox, occur before the development of lipid accumulation (6) . Thus, decreased skeletal muscle PPARα expression contributes to skeletal muscle lipid accumulation and FISMIR.
The reduced expression of skeletal muscle PPARβ/δ and its target genes, including Pdk4, Cpt1, Ucp3 and GLUT4, contributes to the development of FISMIR by decreasing lipid utilization, fatty acid β-oxidation, energy expenditure and glucose transport. The decreased Ucp3 expression suggests that these insulin-resistant and diabetic hamsters have impaired HFD-induced (lipotoxic) thermogenesis (30) . Finally, the reduced expression of skeletal muscle PPARγ and its target genes, such as PGC-1α, Lpl, Adipoq and GLUT4, also contribute to the development of FISMIR. The reduced expression of PPARγ is not likely to have induced the gene expression of glutathione peroxidase (GPx3), which, therefore, would not reduce the extracellular H 2 O 2 levels causing insulin resistance in skeletal muscle (31) . A reduction in the expression of Lpl in skeletal muscle contributes to insulin resistance in other key metabolic tissues and ultimately leads to systemic insulin resistance (32) .
The reduced expression of PGC-1α, one of target genes of PPARγ, results in a reduction in the biogenesis of mitochondria, respiration and muscle oxidative phenotype, which contributes to skeletal muscle lipid accumulation and FISMIR (33) . The decreased expression of adiponectin may abolish its ability to activate AMPK and/or increase the transcriptional activity of PPARα and its target genes in skeletal muscle to stimulate fatty acid combustion (28, 34) . Adiponectin when expressed at low levels, would lost the ability to suppress the expression of SREBP-1c through the adiponectin/liver kinase B1/AMPK pathway (28, 35) . Thus, the decreased expression of adiponectin contributes to skeletal muscle lipid accumulation associated with the development of FISMIR. Therefore, it appears that the reduced expression of skeletal muscle PPARs and PPAR-responsive genes leads to a reduction of skeletal muscle fatty acid β-oxidation and contributes to abnormal skeletal muscle glucose and lipid metabolism and skeletal muscle lipid accumulation, subsequently causing deteriorated skeletal muscle insulin resistance.
In conclusion, the metabolic characteristics and clinical syndromes of obesity-related insulin resistance and type 2 diabetes exhibited in the hamster models induced by a HFD and streptozotocin treatment were partially due to the combined abnormal expression of skeletal muscle SREBP, LXR and PPAR transcriptional programs. In addition, the results of the present study also demonstrate that the decreased expression of two main steps among all three major steps in non-oxidative glucose processing, namely glucose transport (GLUT4) and phosphorylation (Hk2), and glycogen synthesis (Gys) was regulated by the combined abnormal expression of skeletal muscle LXR, PPAR and SREBP transcriptional programs in the skeletal muscle of insulin-resistant and type 2 diabetic hamsters, which might be implicated as major defects responsible for causing insulin resistance. The changes in these gene transcriptional programs could partially explain the association between obesity induced by a HFD, abnormal skeletal muscle glucose and lipid metabolism, and skeletal muscle lipid accumulation contributing to the occurrence and development of skeletal muscle insulin resistance and overt type 2 diabetes. Thus, it appears that associations exist among disturbed skeletal muscle glucose and lipid metabolism, skeletal muscle lipid accumulation, FISMIR and type 2 diabetes.
